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Abstract

:

In order to investigate the effect of cold rolling deformation mode and initial texture on the final textures of non-oriented electrical steels, a special rolling technique, i.e., skew rolling, was utilized to cold reduce steels. This not only altered initial textures but also changed the rolling deformation mode from plane-strain compression (2D) to a more complicated 3D mode consisting of thickness reduction, strip elongation, strip width spread and bending. This 3D deformation induced significantly different cold-rolling textures from those observed with conventional rolling, especially for steels containing low (0.88 wt%) and medium (1.83 wt%) amounts of silicon at high skew angles (30° and 45°). The difference in cold-rolling texture was attributed to the change of initial texture and the high shear strain resulting from skew rolling. After annealing, significantly different recrystallization textures also formed, which did not show continuous <110>//RD (rolling direction) and <111>//ND (normal direction) fibers as commonly observed in conventionally rolled and annealed steels. At some skew angles (e.g., 15–30°), the desired <001>//ND texture was largely enhanced, while at other angles (e.g., 45°), this fiber was essentially unchanged. The formation mechanisms of the cold rolling and recrystallization textures were qualitatively discussed.
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1. Introduction


Non-oriented electrical steels (NOES) are commonly used as soft magnetic lamination material in the manufacture of cores for electric motors. The silicon content of the alloy, the cleanliness of the steel, the thickness of the lamination and the microstructure and texture of the steel sheets, etc., determine the magnetic quality of the final laminated core and significantly affect the electric motor’s energy efficiency. Improving the magnetic properties of NOES through the optimization of crystallographic texture has been a field of extensive research for many years [1,2,3,4,5,6,7,8,9,10]. Although numerous papers have documented improvement in crystallographic textures (and, thus, the magnetic properties) of electrical steels by varying operational parameters during hot rolling, cold rolling, annealing or through annealing after hot rolling (hot band annealing) [11,12,13,14] or annealing between cold rolling passes (intermediate annealing) [14,15,16], the final textures obtained using these techniques are still not ideal. The results usually showed a weakening of the magnetically unfavorable <111>//ND (γ-fiber) texture, sometimes accompanied by a slight to moderate strengthening of the desired <001>//ND (θ-fiber) texture. The orientation state is still far from the perfect {001} texture with the easy <100> directions uniformly distributed in all directions of the steel sheet, as required for optimal magnetization in rotating machines [2].



It has been shown in numerous studies [17,18,19,20] that body-centered-cubic (bcc) metals after conventional hot rolling, cold rolling and final annealing usually show a similar texture, mainly consisting of an α-fiber (<110>//RD) and a γ-fiber, even though the chemical compositions and processing parameters have been widely varied. The evolution of texture in electrical steels from a cast slab to final cold-rolled and annealed sheets is a complicated process where the original crystal orientations created in solidification are subjected to a series of changes due to deformation, recrystallization and phase transformation (phase transformation only occurs in electrical steels with relatively low silicon contents [21,22]) during subsequent hot rolling, cold rolling and annealing processes. In conventional plate and sheet rolling, the same deformation mode (plane-strain compression) coupled with essentially the same active slip systems in bcc metals usually results in similar deformation textures, although the differences in initial texture and the amount of reduction may result in some variations in final texture. In conventional rolling practices, the rolling directions between hot rolling and cold rolling, or between rolling passes (in reversing rolling), may be changed to achieve a good control of the flatness and gauge of the final sheets. However, these changes in rolling direction (180° rotation around ND) essentially do not change texture or microstructure due to the orthorhombic symmetry associated with the rolling process. Thus, it is not considered as a method for changing the texture of the material. In order to significantly alter rolling texture and, thus, change the final annealing texture, the initial texture or the deformation mode, or both, must be changed.



A well-known rolling technique that alters initial texture is cross rolling, where the texture after hot rolling is rotated 90° about the ND during cold rolling, which has been shown to be very effective in producing the desired {001} texture in electrical steels [2,23]. Inclined rolling [5,24], where the initial texture is rotated around the ND by an angle between 0° and 90°, is also an effective method for changing the initial texture and improving the final texture. Asymmetric rolling is a special rolling technology that changes the deformation mode from plane-strain compression to shear, which also results in significant changes in texture [25]. Skew rolling [26] is yet another special rolling process where both the initial texture and the deformation mode are simultaneously altered by simply feeding the steel plate into roll bites at an angle (ω) between 0° and 45° from the conventional hot rolling direction (HRD). It has been shown [26] that skew rolling processes can significantly change the cold rolling textures of electrical steels. However, the textures after final annealing have not been investigated. This paper presents the evolution of macrotextures of electrical steels from hot band annealing to skew cold rolling and final annealing by evaluating the volume fractions of common texture fibers and components. Three NOES grades containing various amounts of silicon (weight percentage), i.e., 0.88%, 1.83% and 2.77%, were investigated. The textures were characterized via X-ray Diffraction (XRD) on the mid-thickness plane of the steel sheets. The effect of skew cold rolling angle on the volume fractions of typical texture fibers and components, e.g., α-fiber (<110>//RD), γ-fiber (<111>//ND), θ-fiber (<001>//ND) and Goss ({011}<100>), in the cold rolled and final annealed steel sheets is discussed.




2. Materials and Methods


The chemical compositions of the NOES (A, B and C) investigated in this study are listed in Table 1. The steels were vacuum melted and cast into ingots of 200 mm × 200 mm (cross section). The ingots were first reheated to ~1040 °C and hot rolled to intermediate plates of ~25 mm (87.5% thickness reduction). After removing the oxides on the surfaces, the plates were reheated again to ~1040 °C and hot rolled to bands about 2.2~2.6 mm thick (88–86% reduction). The hot bands were then pickled in hot HCl acid and annealed at ~840 °C for 60 h in a 100% dry H2 atmosphere.



The hot-rolled and annealed bands were cut into rectangular samples (200 mm × 50 mm) along the HRD (Figure 1a) and cold rolled using a skew rolling scheme (Figure 1b) as detailed in [26]. Five skew angles (ω = 0°, 15°, 22.5°, 30° and 45°) and two feeding patterns (Figure 1c) were employed in the skew cold rolling process, which produced a total of (5 × 2 × 3) − 3 = 27 samples (when ω = 0°, the two feeding patterns are identical and, thus, not repeated). The details of the samples are listed in Table 2.



The variation in feeding angle not only altered the initial texture of the steel but also changed the deformation mode from plane-strain compression (2D) to a complicated three-dimensional (3D) mode comprising a combination of thickness reduction, strip elongation, strip width spread and bending [26]. As shown in Figure 1c, the frictional force F (perpendicular to the rolls, along the RD) generated between the rolls and the material can be decomposed into two components: one in the HRD (Fe = F⋅cosω) and the other along the HTD (Fl = F⋅sinω). The force in HRD elongates the material, while the force along the HTD causes width spread and bending of the material. Apparently, the deformation of the material in skew rolling is significantly different from conventional rolling (plane-strain compression), since the width spread and in-plane bending are not observed in conventional rolling. The complicated 3D deformation mode of skew rolling is expected to significantly change the nature of the deformation as well as the orientation flow and crystallographic texture.



Due to the changes in rolling direction and initial texture, the thicknesses of the final strips produced with different skew angles under the same operational parameters (i.e., number of passes and reduction rate per pass) vary considerably. Finite element analysis of the skew rolling process has shown [26] that the normal stress in the thickness direction decreases with an increase in skew angle (when the angle is greater than 15°); thus, generally the larger the skew angle, the smaller the stress in the normal direction and the larger the thickness. On the other hand, due to the anisotropy of the initial material, the change of the initial texture changes the material properties in certain directions, which also causes differences in springback after deformation. As a result, the final thickness of the sheet may be different even if the roll gap is set to the same size during rolling. Furthermore, the increase in Si content in the steel results in an increase in yield strength [26]. A material with a higher yield strength has a greater ratio of elastic-to-plastic strain and exhibits larger springback. Thus, steel with a higher amount of Si generally has a larger final thickness.



After skew cold rolling, the steel sheets were annealed at different temperatures (800, 920 and 1035 °C for Steels A, B and C, respectively) for 30 s. Annealing temperatures were determined according to the Si and Al contents based on an empirical equation provided in [27]. For Steels A and B, since Si contents are relatively low and the materials have phase transformation, the annealing temperatures determined according to the equation are higher than the recrystallization temperatures but lower than phase transformation temperatures [24]. This can ensure that the annealing is conducted in the ferrite region to eliminate the effect of phase transformation on the texture. For Steel C, due to the high Si content, there is no phase transformation in the steel; thus, even with a high annealing temperature, recrystallization occurs in the ferrite phase. Annealing was conducted in an argon-protected environment with a heating rate of 720 °C/h and a holding time of 30 s at the designated annealing temperatures for all samples. The relatively slow heating rate was selected to simulate batch anneal conditions in industry, where due to the large coil, the temperature of steel increases slowly. The samples were finally furnace cooled to room temperature.



The textures of the steel sheets after hot band annealing, skew cold rolling and final annealing were measured via XRD using a Bruker D8 Discover with Co K-α X-ray radiation on the mid-thickness planes of the sheets. All texture measurements were referred to the final strips’ length, width and thickness directions. Orientation density functions (ODF’s) were calculated from three measured incomplete pole figures, (110), (211) and (200), using the MTEX software [28] using Bunge’s Euler angles. Due to the novel positioning of the plate with respect to cold mill rolls and the asymmetric forces applied to the material, orthorhombic sample symmetry does not apply to the skew rolling process [26]. Thus, ODFs’ were calculated using triclinic sample symmetry, and the textures are plotted in sections with φ1 = 0°–360° instead of the familiar 0°–90° (for conventional rolling with orthorhombic sample symmetry). For calculation of the volume fractions of texture fibers and components, a tolerance angle of 10° was used to include all orientations within this angle (deviation from the ideal orientations).




3. Results


3.1. Textures before Skew Cold Rolling


As shown in [26], the skew rolling process alters the initial texture before cold rolling by feeding the hot-rolled band at an angle (ω) relative to the conventional cold rolling direction (Figure 1b,c). As a result, the initial texture with respect to RD, TD and ND is rotated by ω around the ND from the hot-rolled band. The resulting textures at various skew angles for the three steels (after hot rolling and annealing) are shown in Figure 2. The variation in volume fractions of the major texture fibers and the rotated cube component ({001}<110>) is illustrated in Figure 3.



For conventional rolling (ω = 0°), the texture of Steel A (0.88 wt% Si) is dominated by components on the <100>//ND fiber, and there is no continuous γ-fiber or α-fiber and only with some discrete components on these fibers (Figure 2a). With the increase in silicon content, the maximum texture intensity of the steel increases, and the α-fiber is strengthened (Figure 3a), while the θ-fiber is weakened (Figure 3c). The rotated cube component ({001}<110>) shows a different trend (Figure 3d), i.e., both low and high silicon steels (Steels A and C) have a small volume fraction, while the medium silicon steel (Steel B) illustrates a relatively large volume fraction. It should be noted that the steel with 2.77% Si (Steel C) illustrates a significantly different texture from the other steels, i.e., showing a very strong {113}<361> component on the α*-fiber ({1 1 h}<1 2 1/h>) (Figure 2c) and a stronger γ-fiber than compared to the other two steels (Figure 3b). This is mainly caused by the difference in Si content in the steels: the steels with low silicon concentrations (Steels A and B) might have undergone phase transformation during hot rolling, while the high silicon steel (Steel C) does not have phase transformation.



Since the rotation during skew rolling is around the ND, crystal planes parallel to the steel sheet are not changed, but the crystal directions within these planes are rotated. As a result, orientations on the <100>//ND and <111>//ND fibers are moved along the same fibers, i.e., the φ1 angle changes (see arrows in Figure 2). Thus, the volume fractions of these fibers only show slight fluctuations when rotated around ND (Figure 3b,c). However, it should be noted that although the rotation essentially does not change the volume fractions of these fibers, the major texture components on these fibers are shifted because of the rotation. For example, for Steel A, the strong {001}<1  2 ¯  0> component on the θ-fiber after conventional rolling (ω = 0°) was shifted to {001}<1  4 ¯  0>, {001}<100> (Cube) and {001}<   1 ¯   4 ¯   0> when the skew angle was 15°, 30° and 45°, respectively. Each rotation may strengthen some components on this fiber while weakening other components at the same time (the overall volume fraction of the fiber essentially does not change). For example, the rotated cube ({001}<110>) component of all three steels experiences large variations due to the rotation (Figure 3d).



On the other hand, since the α-fiber is composed of orientations with a series of planes ({111}, {112}, {113}, etc.) sharing the same <110> direction (φ1 = 0°), the rotation around ND changes this fiber (φ1 is changed) to other orientations, resulting in large variations in the volume fraction of this fiber (Figure 3a). Similarly, the α*-fiber (with φ1 ≈ 20°) is parallel to the α-fiber, which is also changed by rotating around ND. As observed in Figure 2c, the strong {113}<361> component (on the α*-fiber) gradually shifted from φ1 ≈ 20° to φ1 ≈ 65° when the rotation angle gradually increased.




3.2. Textures after Skew Cold Rolling


3.2.1. Unidirectional Feeding


The textures after skew cold rolling under unidirectional feeding are shown in Figure 4. With most of the skew angles, the deformation textures are still very similar to typical bcc textures after conventional rolling, i.e., mainly consisting of an α-fiber and a γ-fiber. However, the textures of Steels A and B after skew rolling at ω = 45° show significantly different textures: First, the maximum texture intensities (31.55 and 38.04, respectively) at this angle are much higher than those (11.64–13.64 and 15.56–18.35, respectively) at other angles; second, the texture is dominated by a θ-fiber component ({001}<140>) and not the rotated cube or {112}<110>/{223}<110> components as observed with other angles. The texture of Steel C differs considerably from Steels A and B in the following ways: (i) the maximum texture intensity (29.83) is observed at ω = 15° instead of 45°; (ii) the strongest texture component is usually on the α-fiber ({112}<110>/{223}<110>) and not on the θ-fiber. Nevertheless, at ω = 45°, the strongest texture component ({001}<120>) in Steel C is also on the θ-fiber, which is similar to the other two steels.



The variation in the volume fractions of the common texture fibers and rotated cube component with respect to the skew angle is shown in Figure 5. With an increase in the skew angle, the α-fiber of all the three steels only shows very small variations. The only apparent increase in the α-fiber is observed in Steel C when ω = 45°. In the other two steels, the α-fiber slightly decreases with the skew angle. The γ-fiber also only shows small variations with respect to the skew angle. However, the γ-fiber is strengthened slightly for all three steels when the skew angle is 15°–30°. It is also noted that the volume fraction of the γ-fiber in Steel C is apparently higher than those of Steels A and B, similar to those before cold rolling. The most significant effect of skew rolling is on the θ-fiber. It is observed that for all three steels, with the increase in skew angle, the volume fraction of the θ-fiber gradually increases, especially when the skew angle is greater than 22.5°. At a skew angle of 45°, Steel B shows an extremely large fraction (~46%) of θ-fiber, while those of the other two steels also reach ~38%.



The effect of skew rolling on the rotated cube component (on the θ-fiber) is also large. For Steels A and B, with the increase in skew angle, the volume fraction of the rotated cube almost linearly decreases, while for Steel C it decreases until 22.5° and starts to increase with skew angles ω ≥ 30° (Figure 5d). Compared to the as-hot-band-annealed textures shown in Figure 3d, it is observed that the volume fraction of the rotated cube component generally increased after skew rolling for all three steels at most skew angles as evidenced by the difference in scale in Figure 3 and Figure 5 (the exception being Steel A at 30° and 45°, which shows a slight decrease). The volume fraction of the rotated cube component of Steel C after skew rolling at 45° increased by ~13 times.



To summarize, compared to conventional rolling (ω = 0°), skew rolling generally enhances θ-fiber texture while only slightly impacting the α-fibers and γ- fibers. At a skew angle of ω = 45°, the θ-fiber texture volume fraction is 1.7, 2.3 and 2.4 times of that after conventional rolling for Steels A, B and C, respectively, while the γ-fiber is slightly weakened or unchanged.




3.2.2. Bidirectional Feeding


The textures after skew-cold rolling with bidirectional feeding are shown in Figure 6. Again, in most cases, the textures are similar to those from conventional rolling, i.e., with α-fibers and γ-fibers as the main textures. When the skew angle is 45°, there is also a strong θ-fiber component in each of the steels, with Steel A having an extremely high texture intensity of 48.67, about 2–4 times those at other skew angles. The strongest component is {001}<   1 ¯   4 ¯  0  > for Steels A and C and {001}<1  4 ¯  0> for Steel B. Compared to Steel A (which has the lowest silicon content), the maximum texture intensities of Steels B and C (which contain higher amounts of silicon than Steel A) are much lower, i.e., less than half of Steel A. In addition, the γ-fibers in these two steels are continuous, while in Steel A there are only weak discrete components on the γ-fiber.



The variations of the common texture fibers and components (Figure 7) are very similar to those from unidirectional feeding, i.e., the α-fiber and γ-fiber only show slight variations with respect to the skew angle, while the θ-fiber volume fraction increases significantly with the increase in skew angle. Again, the maximum volume fractions (ω = 45°) of the θ-fiber of Steels A, B, and C reach 50.4%, 37.6% and 38.2%, respectively. However, it is noted that the volume fraction of the rotated cube component of Steel C does not increase (monotonic decrease) when ω ≥ 30°, which is different from the unidirectional feeding case. Apparently, from a texture point of view, skew rolling with either unidirectional or bidirectional feeding generally produces similar deformation textures, although the maximum texture intensities and some individual texture components do show discrepancies.





3.3. Textures after Annealing


3.3.1. Unidirectional Feeding


The ODFs of the skew-cold-rolled steels after annealing are shown in Figure 8. The variations in volume fractions of the typical texture fibers and the Goss component are illustrated in Figure 9. Compared to those after cold rolling (Figure 4), the maximum texture intensities are largely reduced after recrystallization and usually the higher the initial intensity after cold rolling, the lower the final intensity after recrystallization. Similarly to those after cold rolling, normally the higher the silicon content, the larger the maximum texture intensity after annealing.



For the 0.88% Si steel, the annealing texture after conventional rolling (ω = 0°) consists of strong components near the cube and Goss (Figure 8a) orientations, which are the desired textures for NOES. As a result, the θ-fiber (Figure 9a) and Goss (Figure 9d) volume fractions in this steel are high. In addition, the magnetically unfavorable γ-fiber texture is very weak (Figure 8a and Figure 9b). Thus, for low silicon NOES, conventional rolling is able to produce the desired final textures. With conventional rolling, if the silicon content is increased to 1.83% and 2.77%, both the α-fibers and γ-fibers are enhanced, while the θ-fiber is weakened. On the other hand, the Goss volume fraction is significantly reduced (Figure 9d).



After skew cold rolling at a 15° angle, the volume fractions of the α-fibers and γ- fibers of the 1.83% and 2.77% Si steels are slightly reduced, while that of the θ-fiber considerably increased. For both steels, the Goss volume fraction essentially does not change. The 0.88% Si steel behaves differently from these two steels, i.e., the volume fraction of the α-fiber essentially does not change, while that of the γ-fiber increases considerably. The volume fraction of the θ-fiber increases slightly, while that of the Goss component decreases significantly from 3.2% to 1.6%.



When the skew rolling angle was 22.5°, the α-fiber volume fractions of the 0.88% and 1.83% Si steels slightly increased, while that of the 2.77% Si steel decreased. The volume fraction of the γ-fiber shows different trends. While that of the 2.77% Si steel displays a large jump (because of an extremely strong near γ-fiber component with an intensity of 28.22), those of 0.88% and 1.83% Si steels essentially did not change. The θ-fiber volume fraction continues to increase for both the 1.83% and 2.77% Si steels, while that of the 0.88% Si steel plateaus. The Goss volume fraction of the 1.83% Si steel increases, while those of the 0.88% and 2.77% Si steels decrease.



If the skew rolling angle is increased to 30°, a strong θ-fiber component {001}<120> is created in the 0.88% Si steel, while the γ-fiber is very weak (Figure 8a). These are also reflected in the volume fractions (Figure 9b,c). The Goss volume fraction of this steel continues to drop, while that of the α-fiber essentially does not change. The θ-fiber volume fractions of the 1.83% and 2.77% Si steels change only minimally, while the α-fiber volume fraction for both steels increases. The γ-fiber of the 2.77% Si steel drops considerably, while that of the 1.83% Si steel slightly increases.



When the skew angle is 45°, the extremely strong initial textures in the 0.88% and 1.83% Si steels are largely randomized, with the maximum texture intensities dropping from 31.55 to 3.56 and 38.04 to 8.35, respectively. Conversely, the 2.77% Si steel only shows a small decrease from 19.73 to 12.82. The θ-fiber and γ-fiber volume fractions of all the steels are considerably decreased, while the α-fiber is increased (2.77% Si steel) or essentially does not change (0.88% and 1.83% Si steels). The Goss component essentially does not change or slightly increases.



From the above analysis, it is observed that skew cold rolling (ω = 15°–30°) can considerably enhance the desired θ-fiber texture of all three steels after annealing, especially with respect to steels with relatively low silicon, i.e., Steels A and B. In most cases (except ω = 22.5° for the 2.77% Si steel), skew rolling will not change or only slightly increase (0.88% Si steel) the γ-fiber. However, skew rolling significantly weakens the Goss texture in the 0.88% Si steel, while only slightly affecting steels with higher silicon. Skew rolling at ω = 45° significantly decreases the θ-fiber and, thus, does not produce the desired texture.




3.3.2. Bidirectional Feeding


Annealing textures and volume fractions of typical fibers and the Goss component of the skew-cold-rolled steels are shown in Figure 10 and Figure 11, respectively. As with unidirectional feeding, in most cases, the maximum texture intensities of the steels after annealing are significantly reduced. However, for the 2.77% Si steel after skew rolling at ω = 45°, the annealed material shows an extremely high intensity of 36.89 (near {332}<423>), which is much higher than the maximum intensity of this steel (23.05) after skew cold rolling, i.e., an almost single orientation is developed after annealing in this steel. Such a high texture intensity has also been reported in NOES after cross rolling [2].



At a 15° skew angle, the α-fiber is strengthened for all three steels, while the γ-fiber is essentially not affected. The θ-fiber of the 0.88% and 2.77% Si steels is weakened while that of the 1.83% Si steel increases considerably. Similarly to unidirectional feeding, the Goss component is essentially not affected by the 15° skew rolling for the 1.83% and 2.77% Si steels, but that of the 0.88% Si steel is significantly reduced.



When the skew angle increased to 22.5°, there is an apparent drop of the α-fiber for all three steels, as well as in the γ-fiber of the 1.83% and 2.77% Si steels. The γ-fiber of the 0.88% Si steel shows a slight increase at this skew angle. The θ-fiber of all three steels and the Goss component for the 1.83% and 2.77% Si steels all display an increase, whereas the Goss component of the 0.88% Si steel continues to drop, similar to what was observed with unidirectional feeding. The volume fractions of the Goss component of the 1.83% and 2.77% Si steels, on the other hand, show a large jump at this skew angle, especially the 2.77% Si steel.



Increasing the skew angle to 30°, the volume fractions of the α-fiber for all the three steels increased again, while those of the γ-fiber are either slightly increased or do not change. The θ-fiber behaves differently for the three steels: The 0.88% Si steel increases, the 1.83% Si does not change and the 2.77% Si steel decreases. The Goss component shows a decrease for all three steels. When the skew angle increased to 45°, the volume fractions of all steels (except for the γ-fiber and θ-fiber of the 2.77% Si steel) decrease or essentially do not change. However, the increase in γ-fibers and θ-fibers of the 2.77% Si steel at this skew angle is very small.



Thus, for bidirectional feeding, skew rolling at an angle of 22.5° promotes the desired θ-fiber texture for all three steels, while for the 1.83% and 2.77% Si steels, the γ-fiber is also decreased to its lowest level, and Goss is considerably strengthened. Again, skew rolling at all angles decreases the Goss texture of the 0.88% Si steel when compared to conventional rolling.




3.3.3. Texture Factor


As mentioned before, the magnetic properties of non-oriented electrical steels are determined by a number of metallurgical factors, including grain size and texture. From a texture point of view, the θ-fiber (<001>//ND) texture should be maximized while the γ-fiber (<111>//ND) should be minimized to obtain optimal magnetic properties. In order to evaluate the magnetic quality of texture, the ratio of the volume fraction of the θ-fiber to that of the γ-fiber may be calculated, which reflects the overall quality of the texture of the material and is called “texture factor” by some authors [24,29]. Apparently, the larger the texture factor, the better the magnetic quality of the texture.



The variations of the texture factors of the steels after cold rolling and annealing are shown in Figure 12. Compared to conventional rolling (ω = 0°), skew rolling (ω > 0°) may or may not improve magnetic quality, depending on the Si content, the skew angle and the feeding scheme. For the low silicon steel (Steel A), at most angles, skew rolling decreases the texture factor; at angles that do increase the texture factor, i.e., 30° for unidirectional feeding and 45° for bidirectional feeding, the increase is very small (from ~2.8 to ~3.3). Thus, skew rolling may not be effective in improving the texture of low silicon steels. The effect of skew rolling on the texture factor of the high silicon steel (Steel C) is mostly small as well. However, at a skew angle of 22.5° under bidirectional feeding, there is a large increase in texture factor from 1.4 to 3.1. For the steel with 1.83 % Si (Steel B), the texture factor increased at all skew angles; at a skew angle of 22.5° (both unidirectional and bidirectional feeding), the texture factor increased the most, i.e., from 1.6 to 2.9 and 3.9, respectively.



To summarize, skew rolling is most effective in improving the magnetic quality of the steel with 1.83% silicon (Steel B), and a skew angle of 22.5° increases the texture factor the most. However, it should be noted that the final texture of the electrical steel is also highly dependent on the annealing conditions applied to the cold-rolled material. The change of the annealing temperature, holding time and heating rate, etc., might result in significantly different final textures, which has yet to be further investigated.






4. Discussion


4.1. Deformation Texture


The crystallographic textures of metals after plastic deformation are determined by a number of factors [20,30], e.g., the crystal structure of the metal, the nature of the deformation, the chemical composition, the deformation temperature, the initial texture, the deformation history of the material, etc. For NOES (BCC) during cold rolling, the dominant factors include the deformation mode and the initial texture. Since skew rolling uses samples cut from the same hot-rolled and annealed steel band, the starting materials have the same chemical composition, microstructure and processing history. The only difference is crystallographic texture (different rotations around ND). Due to the different skew angles, the deformation modes and magnitudes are also different, which may activate different slip systems during the deformation process. As a result, skew rolling may result in different textures than compared to conventional rolling. The above analysis has shown that, for the same starting material, skew rolling at different angles does indeed result in significantly different textures.



After conventional cold rolling, the textures of all three steels mainly consist of the α-fiber and the γ-fiber, since orientations between {001}<110> and {111}<110> (on α-fiber) as well as {111}<112> (on γ-fiber) are the stable orientations during plane strain compression [20,30]. A strong {112}<110>/{223}<110> orientation on the α-fiber is observed in all three steels, this being the theoretically stable orientation for plane-strain compression, as predicted by full-constraint Taylor model [31]. The textures of the 0.88% and 1.83% Si steels before cold rolling (Figure 2a,b) both contain strong <001>//ND components (e.g., near rotated cube and cube). It is known that in conventional rolling, the rotated cube is generally stable, and the components on the <001>//ND fiber tend to rotate (around ND) to the rotated cube orientation [17,32]; in fact, both steels present a strongly rotated cube texture after conventional rolling (Figure 4a,b). The 2.77% Si steel, conversely, only shows a weak <001>//ND texture before cold rolling (Figure 2c); thus, the rotated cube texture after conventional cold rolling is weak (Figure 4c). The strong {113}<361> component in the initial texture of the 2.77% Si steel does not seem to cause a significantly different cold rolling texture from the other two steels (which do not have such a texture before cold rolling).



Skew cold rolling promotes θ-fiber texture, i.e., the larger the skew angle (ω), the higher the volume fraction of the θ-fiber. This is true for all the steels and for both unidirectional and bidirectional feeding processes. However, the volume fraction of the rotated cube component is decreased by skew rolling, and generally the larger the skew angle, the smaller the rotated cube volume fraction (except for Steel C at a skew angle of 45°). This is opposite to conventional cold rolling where the rotated cube is at a stable final orientation and is normally strengthened after cold rolling. This is mainly because skew rolling is not a plane-strain compression process [26], and there is a large shear deformation in the material, which, together with the different initial textures, causes different rotation paths of the crystals from conventional rolling, resulting in different textures. This can be further confirmed by the fact that the volume fractions of the θ-fiber before cold rolling are essentially the same for all skew angles, but only conventional rolling rotates the θ-fiber components towards the rotated cube and greatly strengthens it, while skew rolling does not seem to rotate the θ-fiber towards this orientation, especially when the skew angle is greater than 30°.



Steel C shows somewhat different textures from Steels A and B mainly because of the different initial texture before cold rolling, which is caused by the high concentration of silicon in this steel. It is well known [21,22] that, if the silicon content is more than about 2.5 wt%, the electrical steel only has a single ferrite phase, and there is no phase transformation. The texture after hot rolling is, therefore, considerably different from steels that have phase transformation (with low silicon contents). The very high intensity (29.83) of the {112}<110>/{223}<110> components in Steel C after skew rolling at ω = 15° (Figure 4c) may be due to the relatively strong {112}<110>/{223}<110> components already existing in the initial texture after 15° rotation (Figure 2c). Skew rolling further strengthened these components. In fact, the {112}<110>/{223}<110> components are quite strong in almost all steels after skew rolling at all the angles (except 45°), indicating the high stability of these components even under skew rolling conditions. The extremely strong {001}<140> component formed at ω = 45° for Steels A and B may be due to the following: i) a strong orientation near {001}<140> already existing in the material before skew rolling (the result of the 45° rotation around ND) and ii) the very large shear strain at this skew angle [26], which may have favored the formation of this orientation (or in other words, this orientation is stable under skew rolling at ω = 45°). Steel C, which does not have a strong near {001}<140> orientation before skew rolling, does not produce such a strong {001}<140> texture. However, this has to be further investigated using theoretical models, e.g., by using crystal plasticity simulations.



The textures after skew cold rolling with bidirectional feeding are quite similar to those with unidirectional feeding. The major difference is that, at ω = 45°, Steel A shows an extremely strong texture close (5° away) to cube ({001}<100>), while Steels B and C do not show such a strong texture (Figure 6), although the strongest components are also close to cube. Theoretically, bidirectional feeding of the strip during alterative rolling passes does not change the deformation mode, but it does change the initial orientations of the crystals with respect to the rolls. However, due to the symmetry of the rolls, the deformation of the crystals is not expected to be different from unidirectional feeding. Nevertheless, in practice, because of distortion and bending of the material after the previous passes, it is very difficult to maintain exactly the same skew angle for the next passes, i.e., possible variations from the nominal skew angles at each pass may have occurred, which may cause different final textures after rolling for several passes. The differences between the deformation textures of unidirectional and bidirectional feeding might result from this.




4.2. Recrystallization Texture


Although it has been extensively studied, the present understanding of how recrystallization textures develop from the deformed matrices during annealing is still very limited and mostly only qualitative [33]. This is because the final texture of the annealed material is determined both by the nucleation and grain growth of new crystals from a deformed matrix that contains heterogeneously distributed grains strained to different levels (even within a grain), which makes in situ investigation difficult. Neither the oriented nucleation nor the oriented growth theory can explain all the recrystallization textures [33]. The various substructures (e.g., shear bands, transition bands, microbands, deformation bands, etc.) generated during cold deformation render the understanding of the nucleation process even more difficult as these are usually the preferred nucleation sites. These structures are normally very small, and the direct observation of the nucleation from these fine substructures at high temperatures is extremely difficult.



Nevertheless, many studies have shown that for bcc metals, the prominent fibers (α and γ) developed in the cold rolling (plane strain compression) process are largely retained in recrystallized texture [30,33]. However, the recrystallization textures observed after skew rolling in the three electrical steels investigated in this study are quite different from the cold rolling textures, as none of the steels shows common fiber textures (either α or γ) after recrystallization. The very long period of holding (60 h at 840 °C) during hot band annealing might be one of the reasons. The grain sizes after hot band annealing are very large (up to ~550 μm) [5,24], which are favorable for shear banding during cold deformation [5,34,35]. It is known that shear bands are preferred nucleation sites during recrystallization. The more extensive the shear bandings, the greater the number of shear band promoted nuclei and, normally, the greater the number of new crystal orientations. As a result, the original deformation texture may be replaced by new orientations different from the cold-rolled orientations.



On the other hand, because of the long soak at a relatively high temperature, the sizes of precipitates (e.g., AlN, MnS, etc.) in the material are presumed to be large and the distribution is normally uniform throughout the matrix [36]. These coarse precipitates have less retarding effect on primary recrystallization during annealing than fine precipitates, which results in more rapid recrystallization than compared to steels without hot band annealing where precipitates have smaller sizes and tend to localize at grain boundaries. The weakening or elimination of the γ-fiber texture in the three steels in this study is the result of hot band annealing applied before cold rolling, which has been reported to weaken the γ-fiber texture in ferrite after recrystallization [36].



The current understanding of the formation of a specific recrystallization texture from the cold deformed matrix of bcc metals is mostly based on the study of conventionally rolled material. For example, Goss texture is believed to be nucleated from the shear bands/microbands of deformed grains, especially those with {111}<112>, {111}<110> and {112}<110> orientations [23,37,38]. The high-angle misorientations (boundaries) between the Goss and the matrix grains are believed to promote the preferred growth of this grain orientation. It is generally accepted that recrystallized {111} grains originate from deformed {111} grains that contain higher stored energy than <110>//RD and <001>//ND grains after plane-strain compression [5,23,33,39]. However, the special deformation mode in skew rolling not only changed deformation texture but also altered stored energies in the deformed grains than compared to conventional rolling. For example, as illustrated in [5], the θ-fiber orientations (including cube and rotated cube) show higher Taylor factors (and higher stored energy) than the <111>//ND orientations during simple shear (skew rolling induces large shear [26]), which is opposite to conventional rolling where <111>//ND grains have higher Taylor factors (higher stored energy) than <001>//ND grains. During recrystallization, the preferred nucleation sites for Goss or {111} grains have been changed, and the nucleation and growth of such grains are suppressed by other orientations. The nucleation and growth of {001} grains, on the other hand, can be promoted from the change in stored energy by skew rolling. The strengthening of the θ-fiber textures with ω = 15°–30° in steels after skew rolling might have been caused by this. However, in order to clearly understand the mechanisms, detailed studies on the nucleation and grain growth processes during recrystallization using advanced characterization techniques, e.g., in situ EBSD [4], may be needed.





5. Conclusions


In this study, three non-oriented electrical steels containing different amounts of silicon were skew cold rolled and annealed to investigate the effect of deformation mode and initial texture on the cold rolling and recrystallization textures. The results can be summarized as follows.



Skew cold rolling at small skew angles (15°–22.5°) produces similar deformation textures to the textures of bcc metals after conventional rolling, i.e., with α-fibers and γ-fibers as the main textures. However, when the skew angle is large (30° and 45°), a very strong component on the θ-fiber (close to cube) developed, which is significantly different from the texture normally observed in conventional rolling. The intensity of this component reaches 48.6 in the low silicon steel skew cold rolled at an angle of 45°.



Compared to conventional rolling, skew cold rolling generally strengthens <001>//ND (θ-fiber) texture, and the larger the skew angle, the stronger the θ-fiber. Skew cold rolling only slightly changes (weakens or strengthens) the α-fibers and γ-fibers. The rotated cube component is mostly weakened by skew cold rolling and normally the larger the skew angle, the weaker the rotated cube component.



The differences in deformation texture after skew rolling from those after conventional rolling are attributed to the different initial textures before cold rolling (rotation around ND) and to the different deformation mode (e.g., strong shear strain) in the skew rolling process.



After annealing, the recrystallization texture is significantly randomized, and normally the larger the maximum intensity after skew cold rolling, the smaller the maximum intensity after annealing. Skew rolling at 15–30° generally promotes θ-fiber texture, while the γ-fiber texture may be slightly weakened or strengthened. The Goss texture (after annealing) of the low silicon steel is largely weakened by skew rolling, and the larger the skew angle, the weaker the Goss texture.



Skew rolling is most effective in improving the magnetic quality of the steel with 1.83% silicon (Steel B), and at a skew angle of 22.5°, the texture factor (the ratio of the θ-fiber to the γ-fiber) increased the most (1.8–2.4 times).
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Figure 1. Schematic illustration of the skew cold rolling process [26]: (a) sample cutting from hot rolled plate, (b) the skew rolling process and (c) the two feeding patterns. HRD: hot rolling direction; HTD: hot transverse direction. 
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Figure 2. Initial textures before skew cold rolling (rotation of the texture): (a) Steel A, (b) Steel B, (c) Steel C and (d) index of the major texture components and fibers. φ2 = 45° ODF sections in Bunge–Euler angles. 
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Figure 3. Variations of the volume fractions of typical texture fibers: (a) α-fiber, (b) γ-fiber, (c) θ-fiber and the rotated cube component (d), with respect to the rotation around the ND. 
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Figure 4. Textures after skew cold rolling with unidirectional feeding [26]: (a) Steel A, (b) Steel B and (c) Steel C. 
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Figure 5. Comparison of the volume fractions of common texture fibers, (a) α-fiber, (b) γ-fiber, (c) θ-fiber and the rotated cube component (d), after skew cold rolling under unidirectional feeding. 
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Figure 6. Textures after skew cold rolling with bidirectional feeding [26]: (a) Steel A, (b) Steel B and (c) Steel C. 
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Figure 7. Comparison of the volume fractions of common texture fibers, (a) α-fiber, (b) γ-fiber, (c) θ-fiber and the rotated cube component (d), after skew cold rolling with bidirectional feeding. 
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Figure 8. Textures of the skew-cold-rolled steels (unidirectional feeding) after annealing: (a) Steel A, (b) Steel B and (c) Steel C. φ2 = 45° sections of the Euler space (Bunge notation). 
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Figure 9. Variations of the volume fractions of common texture fibers, (a) α-fiber, (b) γ-fiber, (c) θ-fiber and the Goss component (d), after skew cold rolling and annealing (unidirectional feeding). 
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Figure 10. Textures of the skew-cold-rolled steels (bidirectional feeding) after annealing: (a) Steel A, (b) Steel B and (c) Steel C. φ2 = 45° sections of the Euler space (Bunge notation). 
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Figure 11. Variations of the volume fractions of common texture fibers, (a) α-fiber, (b) γ-fiber, (c) θ-fiber and the Goss component (d), after skew cold rolling and annealing (bidirectional feeding). 
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Figure 12. Effect of skew rolling angle on the texture factor (ratio of the θ-fiber to γ-fiber) of non-oriented electrical steels after annealing: (a) unidirectional feeding; (b) bidirectional feeding. 
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Table 1. Chemical compositions of the studied non-oriented electrical steels (wt%).
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	Steel
	C
	Mn
	P
	S
	Si
	Al
	Fe





	A
	0.0021
	0.307
	0.010
	0.0011
	0.875
	0.461
	Bal.



	B
	0.0023
	0.299
	0.010
	0.0011
	1.826
	0.515
	Bal.



	C
	0.0033
	0.303
	0.010
	0.0011
	2.767
	0.516
	Bal.
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Table 2. Sheet thicknesses after skew cold rolling.
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Steel A (0.88 wt% Si)

	
Steel B (1.83 wt% Si)

	
Steel C (2.77 wt% Si)




	
Sample ID

	
Thickness (mm)

	
Sample ID

	
Thickness (mm)

	
Sample ID

	
Thickness (mm)






	
A-0

	
0.538

	
B-0

	
0.540

	
C-0

	
0.552




	
A-15-Unidirect

	
0.543

	
B-15-Unidirect

	
0.524

	
C-15-Unidirect

	
0.590




	
A-15-Bidirect

	
0.505

	
B-15-Bidirect

	
0.520

	
C-15-Bidirect

	
0.570




	
A-22.5-Unidirect

	
0.543

	
B-22.5-Unidirect

	
0.556

	
C-22.5-Unidirect

	
0.603




	
A-22.5-Bidirect

	
0.540

	
B-22.5-Bidirect

	
0.532

	
C-22.5-Bidirect

	
0.582




	
A-30-Unidirect

	
0.508

	
B-30-Unidirect

	
0.570

	
C-30-Unidirect

	
0.584




	
A-30-Bidirect

	
0.540

	
B-30-Bidirect

	
0.534

	
C-30-Bidirect

	
0.588




	
A-45-Unidirect

	
0.563

	
B-45-Unidirect

	
0.583

	
C-45-Unidirect

	
0.636




	
A-45-Bidirect

	
0.544

	
B-45-Bidirect

	
0.607

	
C-45-Bidirect

	
0.692
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